D
uring the last 30 years composite construction of concrete slab-on-steel girders has been widely used to form the superstructure of bridges. Generally, such construction has been applied only to simple spans or to the sagging moment regions of continuous spans since transverse cracks will inevitably develop in the region of intermediate supports.
Such transverse cracking, caused by the presence of large negative (hogging) moments, reduces significantly the stiffness of the bridge and leads to costly maintenance. Moreover, even in the case of simple span bridges, extensive damage to the expansion joints can occur due to seepage of deicing salt-laden water. Fig. 1 shows an example of such damage in one of the many expansion joints on the Gardiner Expressway in Toronto, Canada.
Several researchers 1-3 have proposed to prestress part of the concrete deck in the vicinity of the intermediate supports of continuous bridges as shown in Fig. 2(a) . A recent study 2 has shown that such prestressing increases substantially the cracking load in addition to the stiffness of such bridges.
For proper design it is essential to estimate accurately the anticipated losses in the prestressing force due to creep, shrinkage and steel relaxation.'`' The objective of this paper is to propose a simple method together with design aids by which these longterm losses can be reliably estimated. The results from this simple method are compared to those from an elaborate method of solution requiring the use of a computer.
In this paper it is assumed that prestressing of the concrete deck is carried out on the composite sections (with the connection between the concrete and steel beams realized prior to prestressing). Previous experience' has shown that the alternative scheme of prestressing a free-to-slide con-crete deck can lead to problems not only in construction but also in bridge maintenance.
ANALYTICAL PROCEDURES
Two analytical methods are presented to estimate the losses in the prestressing force in continuous composite bridges. The first method is an iterative approach requiring the use of a computer, while the second method is a one-step explicit solution with design aids suitable for design office use.
Both methods are based on well-established principles used by other investigators3,4.6-s and are dependent on the following assumptions: plane sections remain plane after any change in the stresses; curvature and axial strain at any cross section of the bridge can be related to the applied forces.
Iterative Method
In this method, time is divided into intervals the length of which is assumed to increase with tine;"" each interval such as t is subdivided into t '2, t and tj.f1/2 , i.e., a beginning, middle and end of interval j, as shown in Fig. 3 . Any stress variation is assumed to take place at the midpoint of the interval, while the creep and shrinkage strains as well as the relaxation stress of the prestressing steel are determined at the beginning and end of the interval.
During any interval j, the incremental axial strain, AE., and the incremental curvature, AK 
Synopsis
Design aids are developed to estimate the long-term losses in the prestressing force in continuous composite concrete-on-steel girder bridges. The prestressed portions of the concrete deck are in the vicinity of the intermediate supports.
The use of the design aids and accounting for the reduced relaxation in the prestressing steel are illustrated with a numerical example. The results are compared to those from an iterative method of solution requiring a computer. Time
= change in moment M carried by the concrete deck E , = modulus of elasticity of concrete Using Eqs. (1) and (2) at any time j, six equations can be generated relating the following unknowns:" changes in the normal force acting on the concrete deck and on the steel girder, AN, and ANq, respectively; changes in the induced force in the prestressing steel and in the nonprestressed reinforcing steel, ON and ON,,, , respectively; and, changes in the bending moments acting on the concrete deck and the steel girder, OM,. and OMs, respectively.
The six equations are derived from the following conditions:
1. The suns of the changes in the forces at any section is zero for equilibrium.
2. The change in the bending moment at any section is equal to that due to the change in the prestressing force N.
3. Compatibility of curvature and strain at the interface between the steel section and the concrete deck.
4. Compatibility of strains at the center of gravity of the steel section in the concrete deck.
5. Compatibility of strains at the center of gravity of the prestressing steel in the concrete deck.
6. Compatibility of strains at the center of gravity of the nonprestressed reinforcing steel in the concrete deck.
These six equations were solved for each time interval up to time t = 10,000 days (considered to be infinity) yielding the longterm losses in the prestressing force. A computer program was written to treat twospan and three-span continuous composite bridges. Values for the concrete creep coefficient, 4, and shrinkage strain, es,,, were based on the recommendations of ACI Committee 209" and CEB-FIB. 18 Furthermore, the reduction in the stress relaxation in the prestressing steel was considered based on the 1975 PCI recommendations. 12 The main steps in the computer program for an analysis by the iterative method are as follows:
1. Read in the following data: Age of concrete at the beginning, middle and end of each time interval; material properties of steels and concrete (including slump, rela-tive humidity, water content, curing period, etc.); section properties; initial prestressing force N"0 and long-term moment due to sustained loading. 4. Print the long-term loss in the prestressing steel for each time interval.
Results based on the iterative method using the computer program were generated; they are discussed in connection with the illustrative bridge design example presented later on.
One-Step Method
The total strain in the concrete of age T 
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The difficulty of continually varying stress and concrete characteristics with time is surmounted by the use of the creep relaxation coefficient introduced first by Trost'6 and then refined by Bazant. 6 In effect, this coefficient accounts for the reduction in creep deformation at time T = oo due to continuous change in the applied prestressing force caused by the long-term losses.
Thus, at time T = , Eq. (4) can be written as:
Two different 9's are possible'° depending on whether the strain is associated with flexure (q ,,,) or with axial force (i ,). Values of q ,,, (or ii") are obtained from The coefficients a and a reflect the fact that creep is influenced by the restraining action of the steel girder, '° ignoring that of the nonprestressed steel in the deck which was shown to be relatively small. Dealing only with long-term strains by omitting the elastic strain in Eq. (5), the changes in the strain e and curvature K can be written as:
(1 + ^,,, ^_.,) (7) in which Results from the iterative solution indicated that the effect of nonprestressed steel in the concrete deck is relatively small (less than 0.7 percent) and, therefore, was ignored in this analysis in order to arrive at an easy-to-use method of analysis and more tractable design aids. Thus, applying the equilibrium conditions to the changes in the forces and in the moments on the composite section yields, respectively: 5 ) due to longterm losses in prestressing force, given by (ON ,, ) k, where A is a continuity factor derived in Appendix A. Such a moment change was ignored in Refs. 7 and 19. It should be remarked that results from the iterative solution program showed that the largest prestressing losses were incurred at the cross sections coinciding with the ends of the prestressed deck(s) due to the presence of a sagging moment.
Invoking compatibility of curvature and strains at the interface between the concrete deck and the steel section, will lead to:
in which A" = area of prestressing steel E , = elastic modulus of prestressing steel N " = prestressing steel relaxation force at time T =oo It should be remarked that the above analysis could have been dealt with in terms of only two unknowns; however, such a method would perforce require the use of one q only since it cannot account for both r) and -q. This would lead to an unnecessary approximation which was circumvented by the use of the method adopted herein.
A long-handed solution of Eqs. (8) to (12) yielded the following explicit expression for the long-term losses in the prestressing force at time T = oo:
in which N =N , +w (14) where w = N,51(fi x ) and A zlirN,. The values of z (without considering the "reduced" relaxation of the prestressing steel) are obtained from Fig. B1 and that for from Table 3 . The expressions for the factors iii, E, C, 'y, p and p., incorporating and ,q ,, , are given in Appendix B.
The numerical values for the factors in Eq. (13) have been determined for two-and three-span continuous composite bridges having various cross sections (see Tables 1  to 3 ). For brevity, only a limited number of steel sections were considered. However, values for steel sections not listed in the tables can be determined by interpolation. The influence of the bending moment carried by the concrete deck (M,.,,) was found to be relatively insignificant and therefore was omitted from Eq. (13) .
It should be noted that the results in Tables 1 and 2 are based on a prestressed deck of length ranging from 0.21 to 0.351 which is the normal range for this type of construction, I being the length of one span. For brevity, only the most common concrete deck thicknesses of 8 and 9 in. have been considered in Tables 1 to 3 . However, these results can be linearly extrapolated for thinner decks, say 7 in. thick, to give slightly overestimated prestressing losses and, therefore, be conservative.
To account for the "reduced" relaxation of the prestressing steel, the value of z, obtained from Initial prestress f
Ultimate strength f N,, 
where z is determined from Fig. B1 . This 
DESIGN EXAMPLE
It is required to estimate, at a relative humidity of 50 percent, the prestress losses in a continuous two-span composite concrete-steel girder bridge with a portion of its deck prestressed as shown in Fig. 7 . The geometric and material properties as well as the loading are also given in Fig. 7 .
The applied prestressing force, N = 880 kips per composite beam. The length of the prestressed deck is 0.251. The width of the bridge is 32 ft with five equally spaced WF33 x 221 steel beams.
The total dead load = 1.45 kips per ft. The total sustained (long-term) load, w, , = dead load + (0.3) live load = 1.75 kips per ft. From structural analysis the bending moment, due to w,,, is shown in Fig. 5(c) ; and that due to the prestressing force is shown in Fig. 5(b) . By superposition, the net bending moment diagram is shown in Fig.  5(d) where the largest positive moment M" = 301 kip-ft at sections coinciding with the ends of the prestressed concrete deck.
The appropriate values for the various parameters in Eq. (13) are determined from Tables 1 and 3 . It should be noted that since the chosen section of WF33 X 221 is not listed in Table 1 , interpolation is used. Thus, 
Geometric Properties
Ac =768in2 ; A t =168.3in 2 ; Ap=4.65in2 ; dc=8.lin; yp=0; ys =20.98in; y=29.85in; S= 757in 3 ; I t =30885in4; OT vo = 2.95; A p /mA t -0.37'6 ; Anp=6.00 in2 Table  3 . Thus, A = 1.345.
For Eq. (13): Averaging the values for sections 33 X 241 and 33 X 201 in Table 1 yields: p = 5.539; = 1.89; = 16.11; -y _ -5.685; and µ = -50.35.
Thus, using Eq. (13) and without accounting for the "reduced" relaxation in the prestressing steel: 
Losses estimated using the one step 
DISCUSSION
The percentage loss in the prestressing force versus time was studied under various conditions by means of the iterative method. Fig. 8 shows the variations in these losses with relative humidity, area of prestressing steel, and area of nonprestressed steel in the concrete deck, according to the ACI Code." The reduction in the relaxation in the prestressing steel was taken into account in calculating these losses.
The comparison of results shows that the losses become smaller as the relative humidity increases, as expected. Under the same applied prestressing force, an increase in the area of the prestressed steel tends to reduce the prestress losses. The reason for this is that the stress ratio of initial prestressing stress to yield stress (f, ,,/f,,) decreases, thus effecting a reduction in the losses due to the relaxation of the prestressing steel (see Fig. B1) . Fig. 8 also shows that, unlike the situation in concrete-concrete bridges, the influence of nonprestressed steel in the concrete deck on the losses is relatively small here. This is due to the fact that the area of nonprestressed steel in the concrete deck is usually a small proportion of the steel girder area which provides the major restraining force.
It can be also observed that the result based on the one-step method is in fair agreement with that estimated by the iterative method. Comparison of results on prestress losses based on the CEB Code,1e for brevity given elsewhere, 13 shows that such losses are only slightly higher than those based on the ACI Code."
Glodowski and Lorenzetti 1° indicated that steel relaxation has an important influence on the prestress losses in prestressed concrete structures. Fig. 8 also shows this in-fluence for the composite concrete deck-onsteel girder structure used in the design example treated earlier. Here it is observed that the losses due to steel relaxation are a major component of the total losses.
To demonstrate the adequacy of the onestep method and use of the design aids in estimating the prestress losses, results based on both methods were obtained for two-and three-span continuous bridges with different spans and cross sections. From a comparison of the results given in Table 4 , it is evident that the one-step method and the developed design aids can be reliably used to estimate conservatively the prestress losses in composite concrete-steel girder bridges with portions of the concrete deck prestressed in the vicinity of the piers.
From this study it can be concluded that: 1. The long-term prestress losses in continuous composite concrete-steel girder bridges with prestressed decks can be readily estimated by means of a simple easy-touse method.
2. The long-term losses are significantly influenced by the relaxation of the prestressing steel; smaller losses can be expected where low relaxation prestressing steel is used. Furthermore, it appears that these losses are not much influenced by the presence of nonprestressed steel in the concrete deck.
3. The use of the CEB charts and ACI recommendations for the estimation of creep coefficients and shrinkage strain leads to almost identical values for the long-term prestressing losses.
APPENDIX A -DETERMINATION OF CONTINUITY FACTOR

APPENDIX B -FACTORS FOR DETERMINING EQ. (13)
The explicit expressions for determining 1 + (1 + I " ^,, 7) the factors in Eq. (13) 
EA,_
Note that the expression for the factor z is given in Fig, B1 . 
